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FOREWORD 

This report was prepared under NASA Contract NAS 8-11494 and is 
one of a series intended to illustrate.methods used for the design and analysis 
of space vehicle flight control systems. Below is a complete list of the reports 
in the series: 
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Volume V 
Volume VI 
Volume VII 
Volume VIII 
Volume IX 
Volume X 
Volume XI 
Volume XII 
Volume XIII 
Volume XIV 
Volume XV 
Volume XVI 

Short Period Dynamics 
Trajectory Equations 
Linear Systems 
Nonlinear Systems 
Sensitivity Theory 
Stochastic Effects 
Attitude Control During Launch 
Rendezvous and Docking 
Optimization Methods 
Man in the Loop 
Component Dynamics 
Attitude Control in Space 
Adaptive Control 
Load Relief 
Elastic Body Equations 
Abort 

The work was conducted under the direction of Clyde D. Baker, 
Billy G. Davis and Fred W. Swift, Aero-Astro Dynamics Laboratory, George 
C . Marshall Space Flight Center. The General Dynamics Convair program was 
conducted under the direction of Arthur L. Greensite. 
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1. STATEMENT OF PROBLEM 

Several space missions require spacecraft rendezvous and docking. The 
most immediate is the Apollo lunar landing, which requires rendezvous and docking of 
the LEM (Lunar Excursion Module) vehicle with the C&S (Command and Service) vehi- 
cle in lunar orbit. Large, earth-orbiting space vehicles (too large to be injected in 
orbit as a single launch) that are constructed in space and stay in orbit for long periods 
also require this capability, for the initial construction and the subsequent rotation of 
personnel and resupply of material and provisions. 

Typically, a rendezvous and docking mission has a target vehicle in circular 
(or nearly circular) orbit passing above a manned rendezvous vehicle ready to be 
launched. The target vehicle orbit is known from ground tracking. The rendezvous 
vehicle is launched into a slightly lower coplanar orbit 100 miles or more behind the 
target. Because the lower-altitude orbit is faster, the rendezvous vehicle will close 
on the target. When the range is short enough for the rendezvous vehicle on-board 
sensors to acquire target vehicle relative position and velocity data, thrusting is applied 
to cause the rendezvous vehicle to assume the same orbit as the target. 

Up to this point, the pilot may or may not have entered actively into the guid- 
ance and control loop, possibly at his option. He is now in visual contact with the tar- 
get and can be considered to be in a short-term, station-keeping mode. His objective 
is to connect the two vehicles in some desired configuration. This maneuver is known 
as “docking. ‘I The target is maintained in a selected attitude, the rendezvous vehicle 
is piloted into the mating receptacle at some small closing velocity, and securing 
latches are actuated. 

Rendezvous and docking may be broken up into several phases: 

a. Launch to Rendezvous. Begins with the rendezvous vehicle on the launching pad. 
Ends when the rendezvous vehicle has acquired the target with on-board radar. 

b. Orbital Rendezvous. Begins when the rendezvous vehicle on-board radar has 
acquired the target vehicle. Ends when the rendezvous vehicle has been thrust to 
the desired end condition - close-proximity station-keeping with the target vehicle. 

C. Orbital Docw Begins at the termination of orbital rendezvous. Ends when the 
rendezvous vehiile has been piloted into the target vehicle mating interface and 
latching has been completed. 

Ideally, the objective of rendezvous and docking would be unrestricted by 
mass ratio, launch point, time control, etc. Unlimited rendezvous and docking would 
be possible at any time, with no restrictions on target orbit or rendezvous vehicle 
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launch, and with manned or unmanned vehicles. However, several assumptions were 
made in the typical example to reflect current limitations in the state of the art. These 
are : 

a. 

b. 

C. 

d. 

Extensive preplanning has resulted in the design of a compatible target orbit and 
rendezvous vehicle launch point and time to successfully accomplish the launch-to- 
rendezvous. 

Ground tracking of target and rendezvous vehicle is not accurate enough to allow 
ground control of the rendezvous phase. Tracking equipment must be aboard the 
rendezvous vehicle. 

A human pilot is needed to direct the rendezvous vehicle into the target vehicle 
mating interface. 

The target vehicle is maintained at a fixed attitude during docking. It has been 
designed to mate with the rendezvous vehicle. 

This monograph emphasizes spacecraft control during the orbital rendezvous 
and docking phases. Launch-to-rendezvous is treated only briefly to identify basic 
constraints affecting spacecraft design (mostly orbit parameters). Launch is primar- 
ily a ground computer and booster design problem. (For summary information on 
launch to rendezvous, see Reference 1.) 

Control of the spacecraft is emphasized in this monograph. Guidance system 
discussion is restricted to a description of software in the control diagrams. 

A primary source of information on rendezvous and docking is the symposium 
held at Edwards Air Force Base in September, 1963 . * 

*See Advances in the Aeronautical Sciences, Volume 16, The Macmillan Company, 
New York, N.Y., 1963. 
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2. STATE OF THE ART 

The state of the art of rendezvous and docking is reflected in the Gemini pro- 
gram. Four successful manned rendezvous flights have been accomplished. In the 
first, two Gemini vehicles were used, but docking was not possible because there was 
no suitable mechanical interface. In the second, the Gemini vehicle was joined to the 
target Agena but could not maintain the connection because of a failure of one of the 
Gemini rockets. This failure was accompanied by a tumbling motion, causing the pilot 
to disconnect from the Agena and transfer to a backup Gemini attitude control system. 
In the third, docking was again unsuccessful, because of the incomplete jettison of the 
shroud covering of the docking mechanism on the target vehicle. In the fourth, and 
most recent flight (18 July), with Gemini 10, two successful rendezvous and one dock- 
ing were accomplished. Thus rendezvous and docking capability has been demonstrated 
by m-flight test. 

Gemini is the testbed for the Apollo lunar landing mission (possibly in late 
1968). This mission requires rendezvous and docking maneuvers between the LEM and 
C&S modules of the Apollo spacecraft. Just after translunar injection, the C&S module 
will detach from the S-IVB stage, turn around, and dock with the upper tunnel of the 
LEM. Much later, after the LEM has completed its lunar stay and has injected into 
lunar orbit, it will rendezvous and dock (again with its upper tunnel) with the C&S 
module. 

The Gemini and LEM vehicles are illustrated in Figs. 1 and 2. These are 
edited versions of illustrations in Refs. 2 and 3. Note that the LEM includes lunar 
descent and ascent stages. only the ascent stage is involved in the lunar rendezvous 
and docking. 
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3. RECOMMENDED PROCEDURES 

In broad terms, the design criterion for control of rendezvous and docking is 
completion of the mission with a minimum of control equipment, propellant weight, and 
electrical power. 

Launch-to-rendezvous, briefly considered in Section 3.1, reduces the 
gross requirements of subsequent phases by placing the rendezvous vehicle in the 
approximate vicinity of the target vehicle with a small difference in velocity vector. 

Orbital rendezvous is divided into two subphases: midcourse and terminal; 
The rendezvous midcourse phase is concerned with driving the rendezvous vehicle 
within a few miles of the target. Terminal position is the prime factor. Terminal 
relative velocity is important but subordinate to position. The rendezvous terminal 
phase is concerned with closing the last few miles to the target, simultaneously elim- 
inating relative velocity. These subphases are discussed as they occur in time, with 
the major theme of the discussion being derivation of control criteria through examina- 
tion of guidance system maneuver instructions to be performed by the control system. 

The docking phase differs from the rendezvous phase in that is is essentially 
a control problem. There is no guidance system in the usual sense. Control instruc- 
tions are originated by the pilot looking out the cockpit at the target vehicle. In this 
monograph, the interface dynamics associated with mating the two vehicles is dis- 
cussed first. Maneuvering the rendezvous vehicle into the target vehicle mating mech- 
anism is then considered. The integrated control system requirements for rendezvous 
and docking, including control, thruster system configuration, and sizing, are then 
developed. 

3.1 LAUNCH CONSIDERATIONS 

The basic launch problem is illustrated in Fig. 3. As shown, the target ve- 
hicle is down-orbit from the launch site. The rendezvous vehicle launch site is moving 
at earth rate. As shown, the launch site moves from an out-of- plane position, point 
A, to an in-plane position, point B. 

It is best to launch from point B to avoid requiring a later plane change. With 
the target down-orbit, the rendezvous vehicle would be launched into a coplanar lower 
altitude, “catch up” parking orbit. Should the target be overhead, the launch would be 
directly to target altitude, The launch site will be in the coplanar position twice a day, 
assuming the launch latitude is less than the target orbit inclination. 

An out-of-plane launch, from point A, would require a later plane change. The 
fuel penalty for this change is significant for out-of-plane angles greater than a fraction 
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Earth Rate Target 
A Orbit 

Site Path 

Figure 3. Launch-to-Rendezvous 
Phase 

of a degree. For example, one de- 
gree of out-of-plane error in a 500- 
mile earth orbit requires a change 
in velocity (‘AV) of 426 ft/sec. 
Furthermore, a rendezvous orbit 
should be at such an altitude that its 
period is a subharmonic of the earth’s 
rotational period. This will place 
the target vehicle in the same posi- 
tion relative to the launch site daily 
for even subharmonics, or twice 
daily for odd subharmonics, when 
the site is in the target orbit plane. 

Assume now that the ren- 
dezvous vehicle is launched in the 
target orbit plane but that the target 
vehicle is ahead of or behind the 
rendezvous vehicle orbit injection 
point. This situation is illustrated 
in Fig. 4. 

Figure 4. Early and Late Launches to Rendezvous 

When the launch site is in or near the target vehicle orbit plane, the target 
may be upstream in its orbit, point TE, or downstream, point TL. Launches to 
interception are termed early when the target is at point TE, or late when the target 
is at point TL. In either case the launch will be made to observe the important 
coplanar requirement. Furthermore, the rendezvous injection into the chase orbit 
could theoretically be at a higher or lower altitude, because the target and rendezvous 
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vehicles will eventually be in the proper positions for start of the midcourse phase. 
However, to reduce the time required to assume this phase, it is advantageous 
to launch the rendezvous vehicle to a higher altitude when the launch is early and to a 
lower altitude when the launch is late. Or if the target is in the right position (roughly 
overhead), a direct launch 
planned for the LEM lunar 
shown on Fig. 5. 

to target-vehicle altitude could be used. This procedure is 
rendezvous. (4) The early, on-time, and late launches are 

On-Time Direct 

Late Launch 

Launch 

Figure 5. LEM Early, On-Time, and Late Trajectories 

3.2 RENDEZVOUS GUIDANCE/CONTROL 

3.2.1 Rendezvous Midcourse Guidance 

Conditions for initiation of midcourse guidance correspond to the rendezvous 
and target vehicle being in a near-circular orbit. The rendezvous vehicle is at a 
lower or higher altitude in a nearly coplanar orbit and is closing on the target vehicle. 
When the distance between the two satellites is such that on-board radar can acquire 
relative position and velocity data, the midcourse phase begins. 

The general technique involves the application of a number of short-period 
thrusts to change the velocity of the rendezvous vehicle such that it is brought into the 
same orbit as the target vehicle, with theoretically zero relative displacement. 

A number of investigators have contributed information on this method (5s ‘8 
7l 8). It involves setting up a convenient reference frame, deriving the differential 
equations of relative motion of the rendezvous and target vehicles, and solving these 
equations to determine a suitable guidance law. The method described below mainly 
follows Ref. 5. 
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The assumptions made are as follows, 

a. The relative distance between the two vehicles is small (100 to 200 n.mi.) 
compared with the distance to the earth center. 

b. The target vehicle is in a circular orbit. 

The reference frame is shown in Fig. 6. The y direction is along the tar- 
get local vertical, the z direction is aligned with the orbit angular momentum vector 
(or orbit normal), and the x direction is in the orbit plane. The x, y, z axes form a 
right-handed orthogonal reference system. The directions of the inert reference 
system (X, Y, and Z) are arbitrary but inertially fixed. 

The angular rate of the x, y, z rotating frame relative to the inert frame is 

Figure 6. Reference Frame for Midcourse Rendezvous Guidance 

(1) 

NOTES 

1. x, y, z is Rotating Frame of 
Reference Fixed to Target 

2. X, Y, Z is Inert Frame Fixed 
to Earth Center 

10 



where 

E is the orbit angular rate vector of the target vehicle; G = WC 

gE is the gravitational constant at earth surface 

rE is the earth radius 

r is the distance to the target from the earth center; 7 = XT+ yr+ zi? 

The distance from the earth center to the rendezvous vehicle, in x, y, z 
coordinates, is 

X &;-;r& [ 1 r+y z 
where 

ii, y are respectively the distance vectors from the earth center to the 
rendezvous vehicle and target vehicle 

s is the distance vector from the target to the rendezvous vehicle 

x, y, z are the components of the vector fi in the x, y, z reference system. 

The velocity vector components of the rendezvous vehicle, in x, y, z 

(2) 

coordinates, are 

i-W(y+r) 

j, + wx 

Z 

I (3) 

where V is the velocity vector of the target vehicle with respect to the earth center. 

The acceleration vector components of the rendezvous vehicle, in x, y, z 
coordinates, are 

. . x - awj7 - w2x 

y + 2wi - W2&+r) 1 . . 
Z 

(4) 

where x is the acceleration vector of the target vehicle with respect to the earth center. 

. 
*The dot above the vector sign (z) indicates the vector derivative. The dot below the 
vector sign (3) indicates the time derivative of the components of R. 
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The significant forces acting on the rendezvous vehicle are the sum of applied 
thrusts and the gravitational force from the earth. 

r;gEm ii 
R3 

(5) 

where 

F, FG are respectively the applied thrust and gravitational forces acting on 
the rendezvous vehicle 

Tx, Ty, T, are the components of %! in the x, y, z frame 

m is the rendezvous vehicle mass 

The components of the gravitational force, in x, y, z coordinates, are 

2 X 

gG = - rE gEm 

1 3/2 [ 1 y+r 

x2 + (y+r)2 + z2 Z 

(6) 

However, using the fact that the relative distance is small compared with the 
distance to the earth center yields an approximation for the gravitational force. Re- 
taining only first-order terms of a power series expansion of the gravity force com- 
ponents about the point, x, y , z = 0, yields 

TG = -r’Tm[rr2y] = mW2[rz2y] (7) 

Equating the force to acceleration components yields the differential equations 
of motion as follows. 

If the applied thrust is zero, the left side of Eq. (8) is zero, and the equations 
may be solved to yield expressions for the relative rate and distance, subject to the 
initial values of rate, ?o, 90, i,, and distance, x0, yo, zo. When this is done the rate 
and position at some later time is 
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;L = (4ic 
0 

- 6yoW) co8 Wt + 2G,sin Wt + 6Wyo - 3so 

; = (3yoW - 2X0) sin wt + yocos wt (9) 

. . 
z = -zoW sin Wt + zocos Wt 

sin Wt 
2i, 

- yg cos Wt + (6Wy, - 3i,)t + 
so 

x0 + 7 

. 

y=(% ) - 3y, cos wt + $0 ysnwt 
2ico 

- y-f + 4Y, 

z = zocos wt + +f sin Wt 

Several guidance software schemes, which basically differ in the amount of 
time and number of “major” impulses used to cause rendezvous, have been developed 
from these equations. Specifically, rendezvous occurs when the initial velocities in 
Eq. (10) are set by velocity impulses to yield x, y, z = 0 at some preset time (h). 
This set of initialvelocities would bethefirst l’major’t impulse correction. Several 
subsequent f’minorf’ impulses would be needed to correct for errors in application of 
the major impulse and errors due to the approximations caused by assuming 
eccentricity to be zero and x, y and z to be small. 

A reasonable rendezvous time for a two-major-impulse rendezvous would be 
between one-half and one orbit. One could dispense with “major” z corrections by 
waiting for z. to be zero (which must occur within a half orbit of any start period) and 
applying an impulse correction causing i, to be zero. Excluding errors, there would 
be no subsequent out-of-plane motion. The Values of x and y at rendezvous time tR 
should be zero. Inserting these values in Eq. (10) and solving for the needed x0 and 
jr, yields 

2 = 
xosin W$ + y, {SW~sin Wk - 14(1 - 

0 3whSin wtR - 8(1 - co6 WtR) 

(11) 
2x,(1 - CO6 WtR) + y,[4sin wt& - 3Wkcos Wk]j w 

3wtRsin WtR - 8(1 - co6 WtR) 

Note that the denominator of Eq. (11) is zero for WtR equal to multiples of 
2 n. This means that for this technique, the rendezvous can be at less than or greater 
than one orbit period but not at exactly one orbit. 
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For the simplest case, selecting a value of tR yields the magnitude of the 
required k. and i. initial conditions. These values are compared with the existing 
values of velocity. The difference determines the required velocity correction. 
Assuming perfect execution of the velocity correction, the relative velocity of the ren- 
dezvous vehicle when it reaches the target vehicle is given by Eq. (9), using the initial 
values of position, the velocity after the impulse correction, and the rendezvous time. 
This relative velocity is reduced to zero by an impulse correction, thereby completing 
the rendezvous. 

The value of tR was assumed to be selected and subsequently fixed. In prac- 
tice, it is expected that various values about a point would be run through a computa- 
tion, using the radar-derived initial conditions to determine a tR to achieve rendezvous 
using minimum propellant. 

Reference 6 uses the technique described but includes the effect of added 
orbital eccentricity. Fig. 7 shows the effect of two major impulses at the beginning 
and end of rendezvous in three quarters of an orbit. Note the magnitude of the 
“secondary” corrective impulses needed as a result of the added orbital eccentricity. 
Presumably these impulses would not be necessary if the eccentricity were zero. 

lO%i& 
Scale for Velocity Change Vectors 

Rendezvous Vehicle 

Distance - n. mi. 
Initial Position 

Velocity Changes 
Required to Stop 

Starting Relative Velocity 

Velocity Corrections Every 10 Degrees 
True Anomaly Travel of Target as 
Required by Guidance Equations 

NOTES 
1. Rendezvous accomplished in 270 degrees true anomaly 

travel of target. 
2. Target orbit eccentricity = 0.01; Semi-major axis = 3592 n.mi. 

Figure 7: Relative Motion of Rendezvous Vehicle with Respect to Target 
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Ref. 7 also uses the technique described above and suggests a general equip- 
ment block diagram given as Fig. 8. In this particular mechanization of a software 
scheme, the value of rendezvous time, once selected, is maintained. Corrections 
after the first one are based on the same equations, with existing initial conditions. 
A clock is used, and the remaining time to rendezvous is obtained by subtracting clock 
time from the original value of rendezvous time. 

Although the emphasis here is on two-major-impulse correction techniques, 
not all guidance software schemes use this procedure. Ref. 8 suggests a slightly dif- 
ferent scheme based upon four major corrections and a fixed time of one orbit to 
rendezvous. 

The functional control requirements for the midcourse phase, therefore, are 
the execution of guidance system instructions to: 

a. Rotate the vehicle attitude to align the vehicle axis accurately in the desired AV 
direction . 

b. Change AV magnitude. 

C. Provide for a coast attitude phase between corrections. This amounts to reducing 
the attitude accuracy requirement in order to conserve propellant. 

Typical design figures are attitude accuracies of f5 degrees during coast and 
f0.5 degree during AV corrections. An execution accuracy of 1 fps for AV corrections 
seems sufficient. Completion of the midcourse phase within one orbit also seems 
reasonable. 

3.2.2 Rendezvous Terminal Guidance 

The rendezvous terminal phase begins just before the “last” major midcourse 
correction. As indicated in Section 3.2.1, the objective of this last correction (ideally) 
is to reduce the closing velocity to zero when the position has been closed to zero. 
This correction is actually applied as a series of smaller corrections. The gradual 
reduction in relative velocity as a function of range is the purpose of the rendezvous 
terminal phase. 

A typical initial range is a few nautical miles. The velocity vector is roughly 
in line with the range vector in a direction closing the distance between the two vehicles. 
The closing velocity depends upon the midcourse initial conditions of target and rendez- 
vous vehicles but typically is about 100 ft/sec. The end conditions are simultaneous 
reduction of relative velocity to a fraction of a foot per second and of range to a few 
feet. These conditions would be the start of the docking phase. 
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Establishing an acceptable range vs. range rate criterion is the fundamental 
concept in terminal rendezvous. Many investigators(‘* lo) call for a range-rate reduc- 
tion proportional to the square root of range. The reason for doing so is explained 
below. 

Assume perfect control of the range rate proportional to some power of the 
r-e, 

where 

R is the range 

K is a positive constant 

N is a positive constant 

Integrate Eq. (12) to find the time to rendezvous as follows. 

dR 
dt= - mN, 

1 
t = (N - l)K R 

-(N-l) _ R -W-l) 
0 

, N # 1 (13) 

At time of rendezvous, tR, R is to be zero. Inserting this end condition in 
(13) and using (12) yields 

kc- l -(N-l) = 1 Ro -- 
(N - l)K R” (N - 1) k. (14) 

Eq. (14) shows that as N approaches 1, the time to rendezvous approaches 
infinity. With N > 1, the time to rendezvous is negative and has no physical significance. 
Therefore N must be less than 1. In addition, differentiate (12) to find 

k’= _ KMN-~~ = K$$N-~ (15) 

Eq. (15) shows that if N < l/2, the exponent of R will be negative. When R is 
small, as it is when approaching rendezvous, the acceleration will approach infinity, 
Therefore we must have 1 > N 5 l/2 to avoid the problems mentioned. Further, if 
N= l/2, the acceleration is constant for all values of range. This is desirable, 
because the acceleration is inherently supplied by constant thrust propulsion (neglecting 
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mass change). Under constant acceleration, N = l/2 and the time to rendezvous 
acceleration and range rate are 

Fig. 9 gives plots of range rate and of time versus range for various values 
of acceleration. 

Range 
\ 

Range (ft) 1 n. mi. 2 n. mi. 5 i mi. 

Figure 9. Range Rate; Time vs. Range 

18 



A log scale is used because the parabolic curve is reduced to a straight line 
and different accelerations yield parallel lines. Fig. 9 is useful for determining the 
distances and times required to stop a vehicle at various acceleration levels. It is 
directly applicable for continuous burn and is helpful for analyzing the more practical 
system of using an on-off thrust control in accordance with a preselected range vs. 
range rate criterion. 

An example of off-on control is shown by the dotted line on Fig. 9. An initial 
approach velocity of 100 ft/sec is assumed; impulsive thrusts are turned on using the 
0. 5-ft/sec2 line and turned off using the 0.1 ft/sec2 line. The result is a bounded 
range vs. range rate profile with an average acceleration of about 0.25 ft/sec2. The 
terminal velocity is about 2 ft/sec at a range of 10 feet. If this velocity is considered 
too high at so close a distance, a range bias of a few hundred feet can be used. When 
this range is nearly reached, a lower deceleration set of switch lines can be used to 
complete closing that few hundred feet with a resultant reduction in terminal velocity 
to a fraction of a foot per sec. obviously, the impulsive change in velocity used on 
Fig. 9 is a simplification of the exact case, where the deceleration would be finite 
rather than infinite. For finite and decreasing deceleration, the vertical line tends to 
decrease in slope toward the left, showing a decrease in range during application of 
thrust. 

The range vs. range-rate criterion example described above would result in 
a controlled drop in velocity as a function of range. However, it is also necessary to 
direct the rendezvous vehicle toward the target. Having selected an initial range and 
range-range rate criterion (this amounts to selecting the time to go to the end of ter- 
minal rendezvous), the time to go is established. The target vehicle equations of 
motion can be integrated out to that time, establishing the position of the target at ren- 
dezvous. The vehicle would be thrust toward that point. For example, Eq. (8), given 
for midcourse guidance, could be used. More complicated equations making fewer 
assumptions in regard to orbit eccentricity, spherical earth field, etc., could be used 
for both vehicles. The choice depends upon the computational capability within the 
rendezvous vehicle. 

Alternatively, direct measurement could be used to generate directional 
thrust commands. A method (g) using line-of-sight rate in addition to the range-rate 
criteria is illustrated bv Fin 10. 

1 Y 

+ Target Vehicle 

-t----L 
Rendezvous Vehicle T 

Figure 10. Terminal Guidance (Angular Rate of Line of Sight) 
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The thrust or acceleration vector is directed as indicated by the following 
expression. 

?: ~=-& = S + K6)ifR + RcRK”iL 1 (17) 

where 

R is the magnitude of the range vector 

ifR iS the line-of-sight unit VeCt.Or 

zL is the inertial angular rate of the line-of-sight vector 

?! is the thrust vector 

m is the vehicle mass 

X is the thrust acceleration vector 

S and K are positive control constants 

As indicated by Eq. (17), the rendezvous vehicle is thrusted both along and 
normal to the line of sight. Note the similarity of this technique to that used in mis- 
sile homing. The first term of Eq. (17) provides the controlled closure in accordance 
with the previously explained range-range rate criterion. The second term directs 
the thrust such that the inertial rotation of the line of sight is minimized. Fig. 11 
shows a typical casetg) using continuous thrusting from various initial conditions. 
Fig. 12 shows the result of not using the line-of-sight rotation term. As indicated, 
the rendezvous vehicle continues to rotate about the target rather than come to a com- 
plete stop. It should be noted that the initial conditions for Figs. 11 and 12 correspond 
to initial displacements of about 20 n.mi. Later work(8) has shown that the method is 
inefficient in terms of propellant consumption but is still useful for the terminal phase 
of rendezvous if its use is delayed until the range has been reduced to a couple of miles. 

It should further be noted that in manned vehicles, the pilot may be able to con- 
trol the terminal phase without aid of computation. He may be able to perform the 
entire maneuver himself with the aid of short-range optical distance measurements. 

3.3 RENDEZVOUS AND DOCKING INTEGRATED CONTROL SYSTEM DESIGN 

Docking control requirements greatly exceed those of rendezvous but also tend 
to include them. Accordingly, the docking control system is discussed first. Addi- 
tional requirements for rendezvous control are then covered. 

The docking control system requirements are derived in part from the critical 
nature of the mechanical mating of the two vehicles. 
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NOTES 
1. Points are at 20-second intervals. 
2. Velocity at each starting position equals circular velocity. 
3. For all Trajectories: 

a. Time of transfer = 260 - 280 seconds. 
b. Characteristic velocity = 1450 ft/sec . 
c . Maximum applied acceleration = 70 ft/sec2. 

Figure 11. Terminal Rendezvous Trajectories 
(Angular Rate of Line of Sight) 
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Figure 12. Terminal Rendezvous (No Line of Sight Information) 

3.3.1 Docking Interface Dynamics 

Obviously, if two vehicles are to be joined into a single body, they must be 
designed to mechanically mate. There are two basic categories of docking interfaces - 
extendible and impact. Typical configurations(2) are shown in Fig. 13. 

Gemini and LEM use the impact 
type. Typical maximum initial impact 
conditions are 1 ft/sec longitudinally and 
f0.5 ft/sec laterally, with a maximum Inflatable Probe 
angular misalignment of 10 degrees and l3-aY. 

a relative angular rate of 1 deg/sec. Extendible 
Stem pF 

Stem & Cable l+==al 
Gemini uses the mating system Inflatable Tunnel 

illustrated by Fig. 14. The Agena cone 
B-all 

Center Probe 
absorbs energy when the spacecraft nose & Drogue Bal 
collides with it. This absorption of Impact 
energy minimizes rebound. The pilot 

Cone & Ring Da 
sets the attitude of the Gemini such that Gemini 
the index device enters the Y-shaped cut- KI?l 

out of the Agena receptacle, where spring- 
loaded latches are activated. The vehicles 
are then tightly drawn together. Figure 13. Docking Concepts 
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Approach 

Figure 14. Gemini-Agena Docking System 

The LEMC&S module mating interface, termed the probe-and-drogue concept, 
(2) 

is shown in Fig. 15. (See also Ref. 21.) On impact, the probe and drogue are latched. 

Linear Shaped 

Spring 

LEM Hatch 

-Charge Separation 

Pitch Arm 
A I 

/ 
Manual Latches 

Figure 15. Probe and Drogue Docking Concept 
‘\ 
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The vehicles are then drawn together. It is assumed that the probe-and-drogue con- 
nection is later replaced by manual latches to allow the two-man crew of the LEM to 
pass through the docking interface to the C&S module. A charge separation is used to 
separate the C&S module from the LEM after the crew has transferred. 

The analysis of such devices can be extremely lengthy because of the com- 
plexity of the mechanical interface. This interface, when reduced to a dynamic model, 
would be of the order of complexity illustrated by Fig. IS.(“) Following initial con- 
tact, simultaneous rotary and translational motion would take place as the rendezvous 
vehicle settled into the target vehicle receptacle. (See Fig. 17. ) 

It is impractical to demonstrate basic docking criteria with the complex 
device shown in Fig. 16. It is preferable to use much simpler problems. First con- 
sider translational motion only, as illustrated by Fig. 18. As indicated, only one 
degree of freedom is included. Prior to contact, the target vehicle is assumed to be 
moving at constant velocity and carrying a plate connected to its main body through a 
spring and viscous damper. The rendezvous vehicle is also traveling at constant 
velocity at a relative closing velocity, V (about one foot/second), and has just contacted 
the rendezvous vehicle damper plate at t = 0. 

The system center of mass is used as X axis origin to derive the equations of 
motion. In particular, it is desired to calculate distance X as a function of time and 
initial relative velocity, V,. The system center of mass can be used as an inert ori- 
gin because it moves at constant velocity (equal to that existing before contact). This 
is true because no significant external forces are acting on the two vehicles considered 

Target Vehicle Rendezvous Vehicle 

+ 1 I I 

Yielding Surface 

Latching Mechanism 

Shock Absorber 

Figure 16. Schematic Cross Section of Docking Assembly 
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t = 0.382 Second 

t = 0.644 Second 

--- 

t = 0.784 Second 

c 6 = 15 Deghec 

t = 12.5 Seconds 

Figure 17. Relative Motion of Vehicles During Docking 

Rendezvous c . m. 

System c . m. 

-x 

Figure 18. Final Docking Translation Motion Model 
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as a system. The sum of the internal forces (those of the damper and spring) is equal 
to zero because each force is balanced by an equal reaction. The spring and damper 
forces are 

FS = (xo-X)Ks (18) 

FD= -Kl$ 

and 

X = XT + XR 

(1% 

(20) 

where 

FS is the force on both vehicles caused by spring compression 

FD is the force on both vehicles caused by the damper 

KS is the spring constant 

KD is the damper constant 

XT and XR are the target and rendezvous vehicle displacements respectively 
from the system center of mass 

The motion of the rendezvous and target vehicles centers of mass relative to 
the system center of mass is 

Fg + FD = MTZT = MR%R (21) 

where MT and MR are the masses of the target and rendezvous vehicles respectively. 

It is desired to calculate the sum of XT and XR rather than the individual 
quantities, because knowledge of X gives the relative motion following contact. From 
Eqs. (20) and (21) the quantity XT can be replaced by X. When this is done it is found 
that 

MT@ - ii,) = IqiR, iiR = 
MT 

MR + MT 
ii 

Substituting (22), (18),and (19) into (21) yields one equation permitting 
calculation of X: 

MX+K$+K~ = KG0 

(22) 

(23) 
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where 

M= MRhzr 

MT + MR 

Solving Eq. (23) subject to the initial conditions 

xO 
=x o, x0 = -v 

where 

the subscript o indicates the value at t = 0 

V is the magnitude of the initial closing velocity of the rendezvous vehicle 
relative to the target vehicle 

gives the distance X as a function of time. 

However, before solving the equation, it is helpful to define the penetration 
distance Y in terms of the distance X between the two vehicles as follows. 

Y=X-x0 (24) 

Replacing X in Eq. (23) by Y gives 

ti+ + KD; + KsY = 0 (25) 

The new initial conditions are easier to handle. They are 

YO 
= 0, +. = -v 

The solutions for the penetration distance and velocity are 

Y = -J C-“tsin@, + = -vc 
-at 

@OS pt - 5 sin p) 

where 

(26) 

The angular rate, 8, is, of course, the damped frequency. Additional control 
parameters are the familiar damping ratio and natural frequency as given by 
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wn = KS 
J- -9 c= KD 

M 
26% 

(27) 

If the masses are latched together sometime during the initial penetration, the maxi- 
mum penetration occurs when sin fi = 1 or at 

cyr 
TT v -28 

‘M = F8s YM = -6 

The value YM must not exceed the available penetration depth, X0. One further 
criterion is that of the force loads on both vehicles: 

F=FD+F s = KDY -t KSY 

(28) 

(29) 

where F is the total force on both vehicles. 

A relatively simple planar analysis model can also be used for rotary docking 
motion. This model is illustrated in Fig. 19. As shown, the rendezvous and target ve- 
hicles have contacted and latched in such a way that a common hinge point has been. es- 
tablished between the two vehicles. 

arget Vehicle c. m. endezvous Vehicle 

Figure 19. Final Docking Angular Motion Model 

c.m. 

The equations of angular motion are not as simple to obtain as those given pre- 
viously for linear motion because coupling between these two basic motions cannot be 
ignored. Appendix A was prepared to provide a general approach to the derivation of 
the coupled equations of motion for a two-body system. Derivation of the rotary equa- 
tions of motion for the system shown in Fig. 19 starts from basic relations in this 
Appendix. 

28 



Conservation of angular momentum, calculated about the system center of 
mass (differentiate equation A14)* yields, 

(‘T’T - 5 iif )t-+ R M@T-s)~(?T-s) = 0 (30@ 

where 
MR”T 

M =MR+MT 

8R and 8T are respectively the angular deviation of the rendezvous and target 
vehicles from an inert reference Faxis) 

IR and IT are respectively the rendezvous and target vehicle moments of 
inertia about their center of mass 

MR and MT are respectively the rendezvous and target masses 

XR and XT are respectively the distances to the hinge point from the rendez- 
vous and target centers of mass. 

Conservation of linear momentum, calculated about the system center of mass, 
yields (see equation A7), 

. . . . 
MF, - -5ZR) = -F W’W 

where F is the hinge point reaction force acting on the target vehicle. 

The torque on the target vehicle is due to the force F and that due to the spring 
damper assembly (assumed to produce a pure couple proportional to the relative angu- 
lar displacement and rate of the two vehicles) is as follows. 

F = zTxT- Rs(OT + e,) + RD(bT + bR) z= ITsTz 1 (3Oc) 

where Fis the total torque acting on the target vehicle calculated about the target 
vehicle center of mass. 

Also due to the restraint of the hinge and for small angular motions, 

Substituting equation 30b into 30~ eliminates the force ?. Performing the 
differentiations of 30d to expand the cross products indicated in 30a and 30~ yields the 
following two relations, 

*A14 is equation 14 of Appendix A. 
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. . 
eT = 

Rs(eT + eR) + R,(b, + iR) = - (IT + MXT 2, ST + IvIxTIQR 

Define the relative angle 

8 = eT+eR 

W-W 

(3Of) 

(31) 

Using equations 30e and 31 to obtain 6, and eR in terms of 8 and substituting the result 
into 30f yields the desired result, 

J; +RDE) +Rs6 = 0 (32) 

J = IT’ 

i- M(ITXR2 + IRX 
,T 

2, 
where (32) 

IT + Ti + VT + J&f 

This equation is identical in form to that for translation. See Eq. (23). The appro- 
priate initial conditions are 

8, = eR 
0 

+ eT y b, = bTo + & 
0 0 

where the subscript o again means the value at t = 0 (contact time). 

If the initial relative angular displacement is zero, the angular deviation and 
rats functions of time are identical in form to those given in Eq. (26): 

6 0 pt * e= sin Bt, 8 = -o!t 
B bo6 (CO6 pt -Qrsin pt) 

B (33) 

where 
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The natural frequency and damping ratio are 

Wn= Js 
\r 

RS RD CC--- 
2GG 

(34) 

The same criteria identified for translational motion apply for rotary motion. 
However, the effect of an initial condition in angular displacement (not given herein) 
should be included. 

It should be noted that if the models for translational and rotary motion are 
combined, the more complex configuration of Fig. 16 results. If the same configuration 
is repeated in a plane normal to that shown in Fig. 16, a complete system for damping 
out relative motion in all directions results. 

After relative motion has been damped out, the rendezvous and target vehicles 
are drawn together. In effect, this drawing together rigidizes the damper spring 
assemblies and thereby rigidizes the two bodies into a single body. Having the cone- 
shaped receptacle on the target and plug on the rendezvous vehicle seems popular but 
apparently the location can be reversed with essentially the same results. 

The cone angle is, of course, an important design figure. The procedure for 
determining a suitable angle is not considered in detail here. Its function is to guide 
sliding into a latching mechanism located at the cone apex. The sliding action of the 
plug into the cone is greatly enhanced by slippery contact surfaces and small cone 
angles. On the other hand, small angles reduce the aperture that the plug must enter 
for a specific cone length. The choice of angle is, then, a compromise between cone 
aperture and sliding action. 

In the final design phase, a complete simulation of the relative motion equa- 
tions is necessary. Refs. 11, 12, 13, and Appendix A will be found helpful in genera- 
ting the equations and identifying desired results. 

3.3.2 Docking Control 

The initial docking phase conditions essentially correspond to station-keeping 
at a distance of from up to a couple of hundred feet to about 50 feet, depending upon the 
point at which the closeness of the target precludes the radar determination of relative 
range data. In the docking phase, this distance is closed while the rendezvous vehicle 
is nosed into the docking receptacle with minimum attitude and attitude rate relative to 
the target vehicle. Manned control of this phase has been the technique considered to 
date. There is little information on completely automatic docking. 

All control design parameters have been determined to date by simulation of 
the docking problem. A variety of simulators has been used. In all cases, it has been 
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assumed that the target vehicle could be held stationary; only the motion of the rendez- 
vous vehicle has been simulated. There are two basic types of simulators: fixed-base 
and moving-base. The fixed-base type(16s l7~ 13) in vo ves 1 a fixed rendezvous vehicle, 
with relative motion between the two vehicles simulated by a TV camera and projector. 
The pilot “sees, If through a cockpit window, the variation in attitude and distance to 
the target as he applies control inputs. The moving-base type(14s 15s 16) involves 
actual motion of the rendezvous vehicle in response to pilot commands. Both simula- 
tors are further identified by the degrees of freedom provided. The maximum, of 
course, is six - three for translation and three for rotation; Some simulators elim- 
inate degrees of freedom in translation, since translating the entire vehicle requires 
great mechanical complexity. In these simulations, two three-axis hand controls are 
provided: one for rotation commands, the other for translation commands. Normally, 
the pilot uses both controls simultaneously. 

Control moments and forces are generated using on-off reaction jets, which, 
in all reported cases, were considered adequate for docking. There is no information 
on the use of other control power sources. The configuration and sizing of these jets 
will be discussed later in this monograph. For present purposes, it is assumed that 
three-axis relative position and attitude control is available from these jets. 

Simulation results indicate that translation control requires no stabilization 
feedback signals. The pilot controls translation in any or all of the three axes by 
commanding the appropriate jets to fire. Three configurations have been considered 
for attitude control: direct, rate command, and rate command with attitude hold. 
Control block diagrams for the three are illustrated in Fig. 20. The direct type has 
no stability augmentation; the pilot flies the vehicle without the aid of rate or position 
feedback (the same as used for translation control). The rate command type uses 
attitude rate feedback and incorporates the rate deadzone and hysteresis commonly 
used in reaction jet control systems. When the pilot reaches the attitude he wishes to 
maintain, the control system will allow only low rate changes in attitude if’the attitude 
control is released or centered. This enables the pilot to concentrate more on 
translational control. The rate command with attitude hold type further aids the pilot 
in that when he reaches the desired attitude and centers the control handle, the attitude 
is subsequently maintained automatically. 

Simulation results indicate that the direct type can be used for a backup in the 
event of control circuitry failure. Either the rate command type or rate command 
with attitude hold type will be the primary control. 

Three possible engine-on modes should be considered. In the first, the pilot 
turns the appropriate jet on by displacing the control handle away from center and off 
when he returns it to center. In the second, moving the control handle away from 
center causes a short time interval thrust (a particular value of impulse). The pilot 
must return the handle to center and displace it again in order to command another 
impulse. In the third, the on and off commands are the same as in the first mode, but 
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Figure 20. Autopilot Attitude Control Configuration 
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the command to the engine is a series of “onn pulses. The frequency of the fixed- 
width pulses may be increased with stick deflection, or the frequency may be held 
constant and the pulse width increased. Either pulse mode produces the same effect. 
That is, the integrated effect of the tronll command is the average of the pulses. Dur- 
ing an 1’on11 command an effective acceleration somewhat proportional to stick deflec- 
tion is produced. This fundamental feature of pulsed systems may be helpful. 

The procedures for analysis of the rate and rate command with attitude hold 
are covered in Vol. II, Part 2, of this series of monographs, Nonlinear Systems. Some 
typical numerical results arrived at in past Gemini-Agena and LEM-C&S docking 
simulations are listed below. 

Rate Command Dead Band 0.5 deg/sec 

Rate Command with Attitude Deadband f2 deg 

Maximum Rate Command 25 deg/sec 

Rate Hysteresis 0.1 deg/sec 

Control Stick Sensitivity Rate Command -10 deg/sec/in. 

3.3.3 Visual Docking Aids 

The addition of short-range visual docking aid devices is considered of suffi- 
cient value that they are included in the LEM/CSM systems. The requirements for 
these aids in this specific application may be found in Ref. 22. 

a. Visual acquisition and gross attitude determination at a minimum distance of 1000 
feet. 

b. Visual acquisition of relative attitude and alignment (docking) from a minimum dis- 
tance of 200 feet. 

c. Visual range and range rate indication from a distance of 200 feet. 

Requirement a. has been implemented by the use of running lights similar to those used 
in marine applications. Several different colored lights are mounted on the target ve- 
hicle so that the human pilot’s capability to visually detect the relative location and 
grossly determine attitude is enhanced. Fig. 21 illustrates the placement of most of 
these lights on the LEM vehicle. These lights aid the CSM pilot when the LEM is the 
target vehicle. 

There is also a different, but similar, set of running lights on the CSM which aid 
the LEM pilots when the docking situation is reversed. 
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(Recessed) 7 

LGreen-L7K- 
Y-=0 

Figure 21. LEM Mounted Orientation Lights (Forward View) 

Also note the location of the CSM active docking alignment target device on 
Fig. 21. The device is termed a standoff cross (SOC) and is illustrated in Fig. 22. 
Illumination of the designated light and dark areas would be provided if night-time 
operation is required. In operation the CSM pilot looks through an optical sight and 
drives the vehicle to center the cross in the target circle. The deviation from the 
true center position is visually indicated by the position of the legs of the cross rela- 
tive to the corresponding radial markings on the background circle. 

Practical considerations require offsetting the SOC from a natural position 
in the center of the docking mating interface. The mounting locations of the pilot 
optical sight on the rendezvous vehicle, the SOC on the target vehicle, and the mating 
interface all enter into configuring the complete system. In operation, the mounting 
constraints are illustrated in Fig. 23. Note the identical off-centering of the SOC and 
pilot optical aid and the alignment of the optical aid line of sight with the desired entry 
line into the docking receptacle. 
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Figure 22. LEM and CSM Mounted Docking Alignment Targets 

The SOC image as seen in the pilot optical sight gives relative attitude and 
alignment. In addition, the SOC image size in the pilot optics changes as a function 
of range. This image, intercepted by appropriate markings on the optical sight, will 
afford a gross indication of range. When timed, a gross indication of range rate results. 

3.3.4 Docking Propulsion System Configuration and Sizing 

Docking requires propulsion jet configuration capable of generating simulta- 
neous rotary and translation accelerations. Ideally, an attitude command should gen- 
erate pure rotary couples, and a translation command should generate forces that do 
not simultaneously place a torque on the vehicle. This ideal configuration would allow 
translation corrections to be effected without causing an attitude change and vice- 
versa. Consider the example illustrated by Fig. 24. 

Assume that the pilot has moved the rendezvous vehicle up to the mechanical 
interface, with the attitudes aligned, and now desires to center the rendezvous vehicle 
nose into the target vehicle receptacle. The lateral offset acceleration of the rendez- 
vous vehicle nose from the target vehicle receptacle center caused by activating the 
jet is 
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Figure 23. Docking Alignment Aid Geometry 

Figure 24. Effect of Offsetting Translation Jets from the C.M. 
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. . 8 = +&zT (35) 

where 
0 is the relative angle between the two vehicles 

T is the reaction jet thrust level 

d is the lateral offset 

a is the distance betwe.en the vehicle c.m. and the jet 

L is the distance between the vehicle c.m. and the rendezvous vehicle nose 

R is the radius of gyration of the rendezvous vehicle 

M is the vehicle mass 

J is the vehicle moment of inertia 

For maximum rear locations of the jet, the quantity 1L would be greater than 
the radius of gyration squared. The result would be an undesired angular offset accom- 
panied by a change in lateral position due more to angular deviation than translation. 
The distance from the c. m. to the mating interface is not usually under control. It is 
a design input. However, locating the jet so that its firing line is directly through the 
C.M. (making k = 0) removes the undesirable simultaneous angular offset. The point 
of this example is that the control configuration should use translation jet locations 
whose effective firing line is as close as possible to passing through the vehicle C.M. 

There is more design latitude in approaching the angular control ideal -- gen- 
erating pure moments. This is because the pilot,will tend to align the vehicle attitude 
when the separation distance is large. The attitude rate or attitude rate with attitude 
hold control configurations help the pilot to maintain this attitude adjustment. Subse- 
quently, he will concentrate on lateral translation corrections and maintain a closing 
rate somewhat under 1 ft/sec. Thus a relatively small translation accompanying a 
attitude command is tolerable. 

A docking design should: 

a. Provide for simultaneous execution of attitude and translation commands. 

b. Minimize coupling between translation and rotation commands, especially from 
translation to rotation. 

C. Provide for jet fail safety. 

d. Have primary attitude control through the attitude rate or attitude rate with attitude 
hold configurations and a backup mode of direct command coupling to the jets. 
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Control jet configurations satisfying the above criteria are presently used on 
the LEM and Gemini vehicles. Consider the LEM configuration shown in Figure 22, 
which shows the LEM c. m. in the plane of the jets. In the actual design, this may not 
exactly be the case. It is expected that one purpose of detail simulation study will be 
to determine a tolerable longitudinal and control offset. 

A (Upper Docking Tunnel) 

Note: All figures are approximate. 

/ 

Fwd Docking Tunnel Engine Thrust = 100 lb 
(Yaw) 
(F’W 

Figure 25. LEM Docking Propulsion Configuration 

Figure 25 identifies pitch, yaw, and roll rotational control axes and up, side, 
and forward translational axes. Pure couples and forces (excluding combined com- 
mands) are generated by firing the engines as shown in Table 1. Engines 1 through 8 
are used for plus and minus pitch, yaw, and up; engines 9 through 16 are used for plus 
and minus roll, side, and forward. A one in the table indicates that the engine is on. 

It is desired to both analyze the configuration according to criteria a through 
d listed above and also to write the engine logic equations relating engine on-off to the 
commands. The basic individual commands are identified in Table 1 and it has been 
indicated that the entire problem can be broken up into two smaller problems involving 
engines 1 through 8 and engines 9 through 16. Only engines 1 through 8 will be con- 
sidered here; the procedure for engines 9 through 16 is identical. 
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Table 1. Basic Engine Firing Logic 

Desired 
Command 

-Pitch (P-) 

+Pitch (P,) 

-Yaw <y-l 

+Yaw Or+) 

-UP (v-) 

+Up cu+) 

T 
i 
- 
1 

1 

1 

- 

2 
- 

1 

1 

1 
- 

ine No. 
ii- 
- 

1 

1 

1 
- 

r 
1 

Desired 
Command 9 

-Roll (RJ 

-t-Boll (B+, 1 

-Side (S-) 1 

+Side (s+) 

-E’wd (F ) 

+fid @‘+I 

E 
10 11 

1 1 

E 
1 

1 

gine No. 
12 13 
- I - 

1 

1 

1 

1 

1 
- 

- 
14 
- 

1 

1 

- 

- 
15 
- 

1 

1 

- 

16 

All possible command combinations must be considered. In addition to the 
6 basic uncombined modes for engines 1 through 8, there are 20 combined possibilities, 
as shown in Table 2. The table shows what engines are commanded, with each indi- 
vidual command making up the combined command taken into account. If two separate 
commands out of the combined command cause the same engine to fire, that engine is 
already on and only the additional engines need be noted. If two engines having the 
same line of fire but in opposite directions are commanded on, the result is the same 
as if they are both off; for purposes of fuel conservation, neither is commanded on. In 
Table 2, this situation is indicated by a zero over a one. 

There are a number of useful bits of information which can be derived from 
inspection of Tables 1 and 2. Not commanding opposite engines to fire is worthwhile 
because of the large number of zeros superimposed over the ones when combined com- 
mands are applied. Further, two engines are commanded on for two-axis commands 
and one for three-axis commands. Obviously, for three-axis commands the system is 
not fail safe, while for one- and two-axis commands, it is. However, if a jet fails for 
one- or two-axis commands, coupling between translation and rotation motion will 
make the system harder to control. 

The tables define the logical relations between the commands and the jet firing 
solenoids. Consider the engine-on logic for engine 1. 

E1 - 
= p (p,Y-?+C-E+) - Pitch Command 

+ Y (pmF+T+ij-ij+) - Yaw Command 

+ u- (F- P+ iT_ T+ cJ+, - Up Command 

+ P-Y-) F+F+EJ+) - Pitch and - Yaw Command 
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+ (Pm UJ F+ Fj+G+) - Pitch and - Up Command 

+ <y, u-1 P+F- 4 E+l - Yaw and - Up Command 

+ PmY/J-) F+T+E+) - Pitch, - Yaw, and - Up Command 

where the bar over the quantity means the logical complement; e.g. F+ equals 1 when 
+ pitch command is not true. 

Table 2. Combined Commands Firing Logic 

= Commands Engine No. __~ ~~ 
P P+ Y Y+ U U+ 1 2 3 4 5 6 7 8 

1 1 1 Q Q 1 Q Q 

1 1 Q Q 1 Q Q 1 

1 1 1 1 Q Q Q Q 

1 1 QQQQ 1 1 

1 1 Q Q 1 Q Q 1 

1 1 1 Q Q 1 Q Q 

1 1 Q Q Q Q 1 1 

1 1 1 1 Q Q Q Q 

1 1 1 Q Q Q Q 1 

1 1 QQ 1 1 Q Q 

1 1 Q Q 1 1 Q Q 

1 1 1 Q Q Q Q 1 

1 1 1 1 Q Q Q Q Q Q 

1 1 1 QQQQ 1 Q Q 

1 1 1 Q Q 1 Q Q Q Q 

1 1 1 QQQQQQ 1 

1 1 1 Q Q Q Q Q Q 1 

1 1 1 QQ 1 Q Q Q Q 

1 1 1 Q Q Q Q 1 Q Q 

1 1 1 1 Q Q Q Q Q Q 

Two-Axis 
Commands 

Three-Axis 
Commands 
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Algebraic manipulation of Equation (36) reduces it to the simpler form: 

+ YUF +PYU - - - - - 1 - F+ T+ e+ 
El = P-(9-~- + Yji + u y + Y U ) - - - - 

+F@Y +uP +Yu) - -- - - - - 1 -a- p+ y+ u+ 
E = 

1 
p(?+Y)#+u)+P w-m -- F+ ” c+ 

But j? + Y = landc +U =O. - - - - 

Therefore 

El = 
[ 
P +P fi Y +u ) - e-B - 1 F+?+C+ 

The same procedure is followed for all engines. 

(37) 

(33) 

(39) 

(40) 

For reference, the Gemini configuration is shown in Fig. 26. 

25 
100 

A 

loo- 

100 - 

NOTES 
1. All figures are approximate. 
2. Engine thrusts are in pounds. 

Figure 26. Gemini Docking Attitude and Translation Propulsion Control Configuration 
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The four aft 25-lb, three-jet clusters are used for pitch, yaw, and roll atti- 
tude control. The remaining engines are used for translation. As indicated, the effec- 
tive line of fire of the translation jets is nearly through the c. m. Table 3 shows approx- 
imate angular and linear acceleration capabilitg for the LEM and Gemini vehicles 
except that in accordance with Ref. 18, an effective thrust level of 25 lb rather than 
100 lb is used for LEM. It is not clear from the literature whether LEM will use loo-lb 
engines or use the pulse mode to reduce their effectivity. The sizing shown applies 
when the attitude control rate command mode rather than the direct mode is used. 

Table 3. Sizing of Gemini and LEM Docking Controls 
c__~~~ 

Translation (ft/sec2) Gemini LEM 

Axial 0.8 0.4 
Lateral 0.4 0.4 

Rotation (deg/sec2) 

Roll 12.6 25 
Pitch and yaw 4.3 10 

When the pilot uses the rate command (or rate command with attitude hold) 
configuration, it would be expected that the permissible control accelerations would be 
increased relative to those for the direct mode. This effect is illustrated by Fig. 27. 

Data for this figure was obtained from Ref. 14. The “acceptable, (( “satis- 
factory, 1’ %nacceptable, ” and “undefined” regions all pertain to the direct mode of 
attitude control. The Gemini and LEM data of Table 3 is also graphed on Fig. 27 to 
show the increase in permissible control acceleration resulting from the use of the rate 
command attitude configuration. 

3.3.5 Rendezvous Control System Design 

The control and propulsion configurations presented earlier contain the essen- 
tial elements needed to provide control during the midcourse and terminal phases. 
These elements are, however, used differently. 

Consider the midcourse phase. As mentioned in paragraph 3.2.1, the major 
control requirement is accurate execution of several AV vector corrections and rela- 
tively coarse attitude control between these corrections. These requirements are not 
peculiar to rendezvous. They are, for example, functionally identical to those for 
translunar trajectory correction. 

There are a number of ways to accomplish the AV correction(“). Perhaps 
the most direct method applicable to manned rendezvous involves rotating the vehicle 
longitudinal axis into alignment with the required AV correction. The alignment is 
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Figure 27. Propulsion System Sizing for Direct Attitude Control Mode 

then maintained while axial jets are fired until the AV correction is completed. This 
attitude alignment could be accomplished by the pilot through his attitude control stick 
as directed by a display. He could also, again by reference to a AV display, command 
the axial jets on until the correction was completed. The maneuver could be automatic, 
by inserting the attitude and velocity correction commands into the autopilot. 

The attitude error signal would depend upon the existing and desired attitudes 
of. the vehicle thrust axis. The existing thrust axis can be brought into alignment by 
rotating the vehicle as illustrated by Fig. 28. 
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Figure 28. Attitude Steering 

The control law is 

tic = K(iE x iD) (41) 

where . 
tic is the angular rate command vector 

i 
E is a unit vector aligned with the existing thrust axis 

i 
D is a unit vector aligned with the desired AV vector 

K is a fixed control constant 

It is usually most convenient to evaluate the desired AV unit vector in a frame 
of reference fixed to the rendezvous vehicle axes because the value of the existing 
thrust vector is invariant here. Assume that this is done and that the thrust axis is 
aligned with the X axis of the vehicle. Then 

+c=K[i]X[j = K [-;A (42) 

where XD, YD , ZD are respectively the x, y, z axis components of i,, in the vehicle 
fixed frame of reference. 

ZD and YD are directly related to the attitude angles of the vehicle with respect 
to an arbitrary inert reference frame and are termed pitch and yaw attitude errors (as- 
suming that the thrust axis is also the vehicle roll axis). The pitch and yaw angular 
rate commands are proportional to these error signals. They become zero when the 
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vehicle roll or thrust axis has assumed the proper attitude. The pitch and yaw errors 
are inserted in the autopilot (see Fig. 20) to command the appropriate proportional 
angular rates until the desired attitude is reached. Subsequently, during application 
of axial thrust, attitude is automatically maintained. As for the docking phase, it is 
again desirable that axial thrust coupling into rotation be minimized. 

3.4 RENDEZVOUS AND DOCKING INTEGRATED GUIDANCE/CONTROL SYSTEM 

An integrated configuration of the guidance and control system is briefly dis- 
cussed here. Fig. 29 is a block diagram of the system used by the Gemini vehicle. 
The complete system is divided into pilot displays, the sensing and computing system, 
and the control system. 

---- 

, !G;gr 
-------s 

pensing & Computing Systeq 1 

I 

- 
1 

I 
1 i -b Control + 

I A 

Pilot 

k_ 

Handle Attitude L+ Attitude I 
Control And - And 
Maneuver 

-c, Spacecraft 

Maneuver Maneuver 
Electronics Thrusters I 

Dynamics 

I 
C ontr 01 
Handle I 

I 
Control System 

I 
---------------- 1 

Figure 29. Gemini Guidance and Control System 
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Within the sensing and computing system, the on-board reference system is 
established by a horizon scanner and the inertial measuring unit. The attitude of the 
rendezvous vehicle with respect to this reference frame is also established by the in- 
ertial measuring unit. The vehicle attitude rate is acquired by rate gyros. The atti- 
tude rate and displacement information is fed to both the control system and to the pilot 
attitude indicator. The rendezvous radar(2o)supplies digital relative target angle and 
range information to the computer from 250 n.m. to 500 feet. Analog line-of-sight 
range and range rate are also supplied to the range and range-rate indicator from 
300,000 to 20 feet. The indicator is laid out so that it displays selected range/range- 
rate criteria to the pilot. Inputs to the attitude and attitude rate indicator from the 
rendezvous radar, rate gyros, and computer direct the pilot in turning the vehicle to, 
and maintaining, an attitude for application of the midcourse rendezvous velocity cor- 
rections. The required velocity correction is fed to the AV indicator from the computer. 

The piIot accepts the various display inputs and operates the attitude and maneu- 
ver control handles to provide inputs to the control system. The attitude control and 
maneuver electronics system accepts these inputs and converts them to on-off commands 
of the attitude and maneuver thrusters. 
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APPENDIX A 

TWO BODY EQUATIONS OF MOTION* 

Figure Al illustrates the definitions pertinent to the two-body problem. 

“Inert” Point 

Figure Al. Two-Body Problem Definitions 

As illustrated in Fig. Al, an “inert” point (unaccelerated) is defined and a 
vector R’is drawn tc the system center of mass (smc). The smc, of course, lies on a 
line between body 1 center of mass (cm 1) and body 2 center of mass (cm 2). 
c2 are colinear vectors from the smc to cm 1 and cm 2 respectively. 

El and 

Both external and internal forces acting on the two bodies are considered. 
The internal forces, insofar as the docking problem i.s concerned, are those arising 
from contact of the two bodies at the mating interface. The internal forces are identi- 
fied by the superscript i and external forces by the superscript e. Only one of each 
is shown, but the subscript j is used to indicate the jth force of any number. Each 
force has a line of action’and a magnitude forming the force vector. The vector dis- 
tance to this line of action is defined from the body center of mass. It could be drawn 
to any point on the line of action but is illustrated on Fig. Al as the vector distance 
to the point of application of the force on the body. 

*A suitable reference for the basic principles involved in the equations developed in 
this Appendix is Ref. 23. 
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It is planned to use Eulers equations to solve for the rotary motion of each 
body. As is standard procedure with the use of Eulers equations, a coordinate system 
is centered at the body cm with its three orthogonal axes fixed to the body in some 
orientation judged convenient. Doing this allows definition of a 3 x 3 matrix of con- 
stant moment-of-inertia values. The angular rate vector of body 1, 3, is then the 
angular rate of the body 1 fixed frame, relative to a non-rotating reference frame also 
centered at cm 1. The body 1 moment-of-inertia matrix is designated [J1]. Another 
reference frame is identically fixed to body 2. The angular rate vector of this frame 
is designated Z+ Z7H to allow definition of the angular rate of body 2 relative to body 
1 to be 3,. The moment-of-inertia matrix for body 2 is designated [J2]. Similarly, 
the velocity of the cm’s of bodies 1 and 2, with reference to the “inert” point, are 
designated fT and y + FH respectively to allow the definition of FH to be the velocity of 
body 2 with respect to body 1. It is assumed desirable to define the relative motion 
vectors because internal forces will be functions of relative motion between the bodies. 

The masses of bodies 1 and 2 are defined to be ml and m2 respectively. 

This completes the definitions of the quantities involved. Now consider the 
following two developments of the vector equations of motion. Method 1 focuses on 
determining the forces and moments on each body straightforwardly. These forces 
and moments enable the writing of the equations for mass center translational motion, 
and rotational motion about the mass center for each body. Method 2 focuses on de- 
veloping useful relationships derived from considering the two bodies as a single 
system. 

METHOD 1 

The total force acting on each body is calculated as follows, 

external qqe , j (4 

It was arbitrarily decided to evaluate the internal forces acting on body 1 due 
to contact with body 2. Use of the law of equal and opposite reacting forces determines 
the force on body 2. 

The motion of each body is obtained as follows: 

-e -i . . . 

F1 + F1 
= ml? = ml(% + El) 

(A3) . . . . . . 
48 
F2 - Fl’ = m2(V+ Q = m2@+ s2) 
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It may be more convenient to express Gl and G2 in terms of D’, the total distance be- 
tween the mass centers. cl and c2 are defined relative to the smc, so 

mZi 11 
+mZ =0, 2 2 

s1 I a (A4) 

From equation A4, 

s1 m2 = - 5 , c2 = m ml +m 5 
m +m 1 2 1 2 

(A5) 

Substituting A5 into A3 yields 

-e -i 
F1 +F1 = 

W) . . 
-e F 2 - Fll = m 2 

(- 
R+ 

Or, a single differential equation resulting from elimination of R from A6 is, 

--e 
F2 

--e F 
g=---- 1 m +m 1 2 * W l F1 =yJ=v 

m2 ml mlm2 1 R (A7) 

To develop rotary motion equations, first calculate the torques about the body 
cm as follows, 

external 

internal 

-e 
T1 

Icg exF e , T2%CK exF e 
j lj lj j 3 2j 

-i 
T1 

G CiljX7 i , T2L xii ix7 i 
ii lj j 2j 2j 

= C (-5 + iilji) x (-Fiji) 
j 

The equations giving rotary motion of the two bodies are 
. 

-e T1 +Fli=ril 

-i 
y2e +T 

-i 
2 +Tix F 1 
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where gl and c2 are the conventional angular momentums of body 1 and 2 calculated 
about the body cm. 

2, ii, = J2 (;+;;,I 
I I 

(All) 

Equations All are differentiated and inserted into A10 to yield Eulers equations of 
Fotion (see Ref. 22). Equations A10 and A7 contain the vector unknowns 3, 4 and 
VR. The forces are functions of these quantities and angular and translational position 
obtained by integration of All and A7. The angular position is obtained by defining a 
set of Euler angles or direction cosines relating the body fixed frame to the inert frame, 

METHOD 2 

If, the two bodies are considered to be a single system, the smc is an impor- 
tant reference point. The sum of internal forces is zero. The sum of internal torques 
calculated with reference to the smc is also zero. Translational motion of the smc is 
given by . . -+e Me 

F 
1 

+F 2 = (ml + m2) R’ (Al2) 

The time derivative of total angular momentum, calculated about the smc, 
equals the sum of the external torques, again calculated about the smc. The torque is 

de T = 3,” +e 
lc 

++F 
1 

, 5 
e -+e 

2c 
= ?,e +s2xF2 

Tlce + ?2ce = ?le+%2e+ mlm2 4 
32e “F e 

ml+m2 Dx F-k 
( > 

(A13) 

where the original notation for the torque about the single body cm is retained and the 
corresponding torque about the smc is designated by the additional subscript c. The 
angular momentums referred to the smc are denoted in the same way as: 

. 
ii 

lc 
= ~l+mlD1x‘IDl , ?i: 

2c 
= G,+m,G,xG 

2 

ii + ii2c = q+Tl + 
lc 2 -yrn2 Dxi 

The rotational equation of motion is then 

(A14) 

+e +e 
T +T + 
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or Tie + T2e + (A15) 

The rotational (A15) and translational equation (A12) obtained from smc considerations 
do not give the motion of each body. However, it should be noted that Al2 could re- 
place one of the equations of A6; similarly Al5 could replace one of the equations of 
A10 to give a set of equations. This again permits solving for body 1 and 2 angular 
and translational motion. 

The major advantage in developing the equations stemming from smc consider- 
ations is that in the absence of external forces (an adequate predesign approach) system 
linear and angular momentum is conserved. 

. . 
The smc velocity never changes (2 = 0). It could be used as an “inert” refer- 

ence. Assume that the bodies are approaching each other but have not yet contacted. 
Conservation of linear momentum relative to the smc yields 

ml? + m2(G + GR) = 0* (Al@ 

Given GR, the relative approach velocity, the velocity of body 1 from Al7 is, 

&- m2 

ml + m 2 ?R (A17) 

The translational kinetic energy during the approach must be dissipated during 
the docking by the docking interface mechanism because the energy (relative to the smc) 
of the joined bodies is zero. The kinetic energy to be dissipated is, 

$ C mlV2 +m2 (V+ VR)2 1 mlm2 
= m +m VR2 

1 2 
6418) 

Conservation of angular momentum calculated before and after joining yields, 

where 
El 

T is the moment-of-inertia matrix for the joined body about the smc. 

*The total momentum relative to the smc is zero when this point is used as an “inert” 
reference. 
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zT is the angular rate vector of the joined body relative to an inert 
frame 

z. is the constant total angular momentum vector 

Equation Alg permits solving for the angular rate of the joined body. This angular rate 
gives the final rotational kinetic energy of the joined body, whereas the initial angular 
rates of the two bodies give the original amount. The difference is the amount that 
the docking interface is required to dissipate. Taking the simple case of a single ro- 
tational degree of freedom, the rotational kinetic energy to be dissipated is 

J1w + J2(w+uRJ2 - J3wT2 1 
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